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Figure 2
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PROCESS FOR TRITIUM REMOVAL FROM
LIGHT WATER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This mvention claims priority to U.S. provisional patent

application No. 60/745,554 filed Apr. 235, 2006; the disclosure
of which 1s incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

This mvention relates generally to the field of tritium 1so-
tope recovery from water and more specifically to a process
for trittum removal from light water by water distillation
stripping and enrichment, followed by conversion of tritium
enriched water to an elemental hydrogen stream, and final
trittum enrichment by thermal diffusion.

BACKGROUND OF THE INVENTION

Several large scale facilities have been built in Canada,
France, and more recently South Korea, to extract trittum
from heavy water moderator systems for nuclear reactors.
Kalyanam and Sood, “Fusion Technology” 1988, pp 325-
528, provide a comparison of the process characteristics of
these types of systems. Similar although smaller light water
trittum recovery systems have been designed for fusion appli-
cations (see H. Yoshida, et al, “Fusion Eng. and Design™ 1998,
pp 825-882; Busigin et al, “Fusion Technology™, 1995 pp
1312-1316; A. Busigin and S. K. Sood, “Fusion Technology™
1995 pp 544-549). All current large scale trittum recovery
systems employ a front-end process to transfer trittum from
water to elemental hydrogen, followed by a cryogenic distil-
lation cascade to perform all or most of the hydrogen 1sotope
separation.

Thermal diffusion columns have been used to separate

hydrogen i1sotopes on a small scale since the 1950°s as
described by G. Vasaru et al, ““The Thermal Diffusion Col-

umn’”’, VEB Deutscher der Wissenschaften, Berlin, 1968.The
use of this technology has been limited because it 1s not
scaleable to large throughputs.

All commercial large scale processes for water detritiation
are based on transier of tritium from water to elemental
hydrogen by: (a) a catalytic exchange reaction such as HTO+
H,—H,O+HT; (b) direct electrolysis of water, 1.e.,
HTO—=HT+%20,; or (c) water decomposition by a suitable
reaction such as the water gas shift reaction: HTO+CO—HT+
CO,. (See Kalyanam and Sood “Fusion Technology™ 1988,
pp 525-528; A. Busigin and P. Gierszewski, “Fusion Engi-
neering and Design” 1998 pp 909-914; D. K. Murdoch et al,
“Fusion Science and Technology™ 2003, pp 3-10; K. L. Ses-
s1ons, “Fusion Science and Technology™ 2003, pp 91-96; 1.
Cristescu et al, “Fusion Science and Technology” 2003, pp
97-101; J. Cristescu et al, “Fusion Science and Technology”™
2005, pp 343-348.)

The prior art large scale hydrogen 1sotope separation cryo-
genic distillation process has the following drawbacks:

1. Handling of liquid cryogens with associated hazards, such
as high pressure potential upon warm-up and evaporation,
thermal stresses due to very low temperature process con-
ditions and the requirement for a vacuum insulated coldbox
vessel to contain the cryogenic equipment;

2. The potential for blockage of process lines due to freezing

of impurities;

. Complex and costly process plant;

4. Complex operation and maintenance;
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5. Non-modular process, making 1t di
keep equipment spares;

6. Requires batch operated dryers and a liquid nitrogen
adsorber to purily feed to the cryogenic distillation cas-
cade.

Water distillation has been used 1n the past primarily for
heavy water production and upgrading, and not specifically
for tritium recovery. Trittum 1s easier to separate than deute-
rium from light water by water distillation. The elementary
separation factors in distillation arise from differences 1n
vapor pressures of the 1sotopic water species. For example, at
a temperature of 51° C., the elementary separation factor for
HDO/H,O 1s 1.052, whereas for HTO/H,O 1t 1s 1.064.The
separation factor for DTO/D,O 1s much smaller at 1.012,

making trittum recovery from heavy water by water distilla-
tion difficult. (W. Alexander Van Hook, Journal of Physical

Chemistry, Vol. 72, No. 4, pp 1234-1244, 1968.)

Due to presence of natural deutertum at approximately 1350
ppm, water distillation enrichment of tritium 1n light water 1s
casy only when the deuterium concentration 1s small, which
corresponds to a maximum practical enrichment in light
water o about 1000 times. This degree of tritium enrichment
1s suificient 1n many practical applications to reduce the tri-
tium enriched product flow to a magnitude compatible with
one or more downstream thermal diffusion columns, after
conversion of water to an elemental hydrogen stream.

Thermal diffusion has been used successiully for small
scale tritium separation, even up to =99% tritium, but cannot
be easily scaled for large throughput. This 1s because thermal
diffusion columns must operate 1n the laminar flow regime,
and scale-up would push column operation 1nto the turbulent
flow regime (R. Clark Jones and W. H. Furry, “Reviews of
Modern Physics™, 1946, pp 151-224). The alternative of con-
structing many small thermal diffusion columns 1n parallel 1s
unattractive when the throughput requirement 1s large. Ther-
mal diffusion columns also have low thermodynamic effi-
ciency, which while unimportant at small scale becomes
problematic at large scale.

[,

1cult to upgrade and to

SUMMARY OF THE INVENTION

In a first aspect of the invention, there 1s provided a process
for recovery of trittum from a mixture containing heavy and
light hydrogen 1sotopes 1n a water feed material, which pro-
CESS COMprises:

1) distilling a sample of water containing said mixture of
hydrogen 1sotopes under conditions to separate water con-
taining lighter hydrogen from water containing heavier
hydrogen from said mixture;

11) converting water enriched 1n heavy hydrogen from step 1)
under catalytic conditions and 1n the presence of carbon
monoxide 1nto a mixture of hydrogen 1sotopes and oxides
of carbon; and

111) separating hydrogen 1sotopes from step 11) by thermal
diffusion.

According to a preferred embodiment of the invention,
there 1s provided a process for trittum removal from a mixture
containing heavy and light water by water distillation trititum
stripping and enrichment, followed by conversion of tritiated
water to an elemental hydrogen stream, followed by final
trittum enrichment by thermal diffusion. When combined
with a suitable oxidation process, the method therefore pro-
vides a multi-stage procedure for converting complex trittum-
labelled organic and/or inorganic waste products, which may
arise from laboratory and other industrial processes, mto a
simple elemental form of tritium. In the context of the present
invention, the term “heavy’ 1sotopes in a water feed material
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1s mntended to mean water containing the tritium 1sotope of
hydrogen. Correspondingly, the term “light” 1sotopes 1n a
water feed material 1s mtended to mean water contaiming,
protium (and small amounts of deuterium) 1sotope of hydro-
gen. Suitably, the process 1s capable of de-tritiating water
containing parts per million of trittum and generating tritium
at at least 90% 1sotopic abundance, and preferably at least
99% 1sotopic abundance. This process benefits from the
elfectiveness of tritium stripping and enrichment by water
distillation of light water at large throughputs and low tritium
concentrations with the simplicity of thermal diffusion for the
small throughput required for final enrichment. Furthermore,
the process may be adjusted to provide a large-scale non-
cryogenic process for de-tritiation of light water that 1s sim-
pler and more economical than a conventional cryogenic
distillation process. Such a process 1s simpler to start-up,
shutdown, operate and provides a process having reduced
hazards through elimination of liquid cryogens, by compari-
son with a conventional cryogenic distillation process. Fur-
thermore, the process requires a significantly smaller elemen-
tal hydrogen 1sotope inventory than a conventional cryogenic
distillation process.

Suitably, the process may be operated batchwise, or alter-
natrvely 1n a continuous process. Preferably, the process 1s a
continuous process. Thus, the process 1s compatible with any
intermediate conversion process to convert tritiated water to
clemental hydrogen including electrolysis, water decompo-
sition by water gas shift reactor (1.e. palladium membrane
reactor) or a hot metal bed reactor.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings constitute a part of this specification and
include exemplary embodiments to the invention, which may
be embodied 1n various forms. It 1s to be understood that in
some 1stances various aspects of the invention may be shown
exaggerated or enlarged to facilitate an understanding of the
invention.

FI1G. 1 1s a process tlow diagram 1llustrating the combined
processes 1n one embodiment of the mvention.

FIG. 2 1s a schematic diagram showing the palladium
membrane reactor according to an embodiment of the mven-
tion.

FI1G. 3 1s a schematic diagram 1llustrating the features of a
liquad distributor plate.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Detailed descriptions of the preferred embodiment of the
present invention are provided herein. It 1s to be understood,
however, that the present invention may be embodied in vari-
ous forms. Therefore, specific details disclosed herein are not
to be interpreted as limiting, but rather as a basis for the claims
and as a representative basis for teaching one skilled 1n the art
to employ the present invention 1n virtually any appropriately
detailed system, structure or manner.

In accordance with one embodiment of the present inven-
tion, FIG. 1 shows a conceptual process flow diagram for a
water detritiation system according to one embodiment of the
present mvention. In a first stage of the process, a tritiated
water feed (11) 1s fed into a water distillation column (10) at
a point where the concentration in the column 1s approxi-
mately the same as the feed concentration. The function of the
water distillation system is to concentrate tritiated water pro-
duced from upstream processes, so as to minimize the size of
downstream operations. Suitably, the water feed may be
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4

derived from any organic and/or inorganic mixture of coms-
pounds labeled with trittum, suitably organic, carbon-con-
taining waste products. The waste 1s heated and combined
with oxygen, thereby converting larger complex organic mol-
ecules 1nto water for feeding into the present process, and
carbon dioxide. A suitable apparatus for oxidizing organic
waste 1s disclosed 1n patent application number GB

0516879.4 (Amersham Biosciences UK Limited) later filed
as PCT/GB2006/003090 and published as WO 2007/020454
(GE Healthcare UK Limited). When the products of the reac-
tion are cooled to room temperature, the carbon dioxide and
any excess oxygen may be monitored and released, or cap-
tured.

While FIG. 1 shows only one distillation column (10)
employed in the method, in practice more than one column
(10A; 10B; etc) may be employed 1n series, suitably from one
to five, preferably two columns. In the first column, tritiated
water 1s stripped from excess protium and deuterium water
betore releasing the tritiated water to drain. In the preferred
embodiment, two water distillation columns are employed 1n
series, 1n which a second column enriches the tritiated water
produced in the first column. By employing two such distil-
lation columns 1n the process, tritiated water may be enriched
by between two and three orders of magnitude, preferably
three orders of magnitude. Each separate column may be of
the same or different dimensions from other distillation col-
umns employed 1n the series. Fach column may have a circu-
lar cross-section and 1s suitably between about 5 meters and
about 100 meters 1n length (height) and between about 0.02
meters and about 2.5 meters 1n diameter. To facilitate access
to the column, preferably each column 1s fitted with remov-
able end walls which carry inlet and outlet tubes. Typically, a
first column may have dimensions of preferably between 0.2
meters and 0.3 meters 1n diameter and between 10 and 15
meters 1 height. More preferably the first column has dimen-
sions of 0.2-0.25 meters (diameter) and 12 meters (height).
The second column may have smaller dimensions, typically
0.05 metersx7.8 meters. Suitably, column (10) 1s of tubular
construction and may be formed from a rigid material which
1s resistant to aqueous-based fluids and elevated tempera-
tures. Preferably the columns are constructed from stainless
steel. Alternatively, glass construction may be used. Each
water distillation column used 1n the process operates with a
pressure gradient between each end of the column. Suitably,
cach water distillation column may be operated at a pressure
of between 0.05 bar and 1.2 bar, preferably between about 0.1
bar and 0.4 bar (absolute pressure).

In one embodiment, each column 1s filled with a packing
material employed to improve interfacial liquid to vapor con-
tact and therefore to increase separation efficiency of the
trittum/hydrogen containing water mixture. In principle, any
suitable packing material may be used, providing that such
material 1s inert under the distillation conditions employed.
Examples include glass beads, phosphor bronze metal beads,
perforated metal strips and the like. Alternatively, a structured
packing such as Sulzer BX or CY. For optimum separation,
preferably each column 1s packed with mesh rings each
formed 1nto a cylindrical shape and being fabricated from
stainless steel (Dixonrings). Dixonrings vary from 1.5 mm to
6.0 mm in diameter, and can provide a large surface area in a
small volume, thereby enabling eflicient separation.

In one embodiment, each of the water distillation columns
may be fitted with one or more, preferably up to six liquid
distributors at intervals inside the column. Fitting of such
liquid distributors enables a randomly packed column to over-
come the tendency of liquid 1n such columns to migrate
towards the walls of the column which may reduce contact
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between liquid and vapor, and as a consequence may reduce
column efficiency. There are many known designs of liquid
distributor, see for example “Liqud Daistribution for Opti-
mum Packing Performance”, D Perry, D E Nutter and A Hale,
Chem.Eng.Progress, (1990) p 30-35. Known liquid distribu- 5
tors do not function efficiently at low flow rates. A preferred
liquid distributor 1s one which operates efficiently at low
water flow rates and 1s shown 1n FIG. 3.

Referring to FIG. 3, a liquid distributor plate (40) 1s shown
schematically having an open top, a side wall (41) and a base 10
(42). The distributor (40) 1s sized to {it inside the distillation
column. The base (42) 1s therefore preferably of circular
dimensions. The base plate of the liquid distributor 1s fitted
with an array of tubes (43) disposed substantially vertically
and passing through the base of the distributor plate. Each 15
tube 1s open at both ends such that liquid can pass from one
side of the base to the other. The tubes are suitably between
about 4 and 8 mm in diameter, preferably about 6 mm 1n
diameter. The height of each tube above the base of the
distributor plate should not extend above the side wall of the 20
distributor and 1s preferably lower than the height of the side
wall of the liqud distributor plate. One or more slits (44),
preferably one slit, are formed in each tube, each said slit
extending fromthe upper surface of the base plate and extend-
ing to the open upper end of the tube. Suitably, each slithas a 25
width of between about 0.5 and 1.0 mm. In operation, liquid
flowing onto the distributor plate spreads across the plate until
the depth of the liquid 1s suificient to overcome the surface
tension at the slit. Atthis point liquid flows through a tube and
into the distillation column below the liquid distributor. Suit- 30
ably, the liquid distributor plate 1s fabricated from a rnigid
material that 1s resistant to aqueous based fluids and elevated
temperatures, typically stainless steel or phosphor bronze.
Preferably, the liquid distributor 1s fabricated from stainless
steel. Each liquid distributor may be fixed by suitable well 35
known fixing means inside the distillation column.

Referring again to FIG. 1, the vapor (12) at the top of the
column 1s condensed in condenser (13), and condensate (14)
from condenser (13) 1s returned by gravity as reflux to the top
of the column, with a fraction (135) taken as detritiated water 40
product. Non-condensable gases (16) are removed to vent or
a vacuum system. Normally, water distillation columns oper-
ate under vacuum to take advantage of improved separation at
lower boiling temperature. A re-boiler (17) at the bottom of
the water distillation column boils up liquid and sends vapor 45
back up the column. A small trititum enriched water stream
(18) 1s withdrawn at the bottom of the water distillation col-
umn and sent to a conversion process (20) to reduce the water
stream to an elemental hydrogen stream (22).

In a second conversion stage of the process, water enriched 50
in heavier hydrogen from step 1) 1s converted into a mixture of
hydrogen 1sotopes. The conversion process may suitably be
performed by an electrolysis cell, a water-gas shiit reactor or
other conversion process. A suitable process for the recovery
of hydrogen and hydrogen 1sotopes from water 1s described in 55
U.S. Pat. No. 6,165,438 (Willms et al.). Feed material from
step 1) of the process 1s mixed with carbon monoxide (in the
presence ol carrier Argon gas) and converted under catalytic
conditions 1nto a mixture of hydrogen 1sotopes and oxides of
carbon. The inlet gas mixture 1s caused to flow over a heated 60
catalyst which promotes the following reaction: H,O+
CO—H,+CO, (Water-gas shiit reaction). The preferred pal-
ladium membrane reactor design 1s shown schematically
(FIG. 2a) and in plan (FIG. 25) and consists of a hydrogen gas
permeable tube made from palladium/silver (Pd/Ag) alloy 65
925, fashioned into a “U”-shape and having the dimensions:
total length 120 cm and 1.2 cm outside diameter, with a wall

6

thickness of 345 microns. Other tube lengths are suitable, and
may preferably be between about 0.6 m and about 200 m 1n
overall length and between about 0.3 cm and 2.5 cm 1n diam-
cter. The 120 cm tube 1s housed within a vacuum-tight shell
approximately 0.6 meters long by 15 cm diameter and made
of stainless steel (26). The ends of the shell are closed with
vacuum tight flanges onto one of which the membrane tube 1s
mounted and connected to the process tubing. An additional
connection to the flange 1s connected to a vacuum pump (21)
which allows the shell to be maintained at a high vacuum (21).
The shell 1s heated externally by an appropriate heater (24).
The Pd/Ag tube contains a catalyst, suitably 2% platinum on
alumina, as pellets of diameter 0.125 cm. Alternative cata-
lysts may be selected from mickel/alumina, ruthemium/alu-
mina, palladium/alumina and 1ron/alumina.

In operation, reactants consisting of a mixture of tritiated
water (from the distillation process of step 1), carbon monox-
ide and argon are fed into the conversion apparatus and passed
through the heated palladium membrane tube, thereby pro-
moting the water-gas shift reaction. The reactor temperature
1s suitably between about 450° C. and about 330° C. In a
preferred embodiment, the reactor temperature 1s held at 475°
C.

During the time that the reaction takes place 1n the presence
of the heated catalyst, hydrogen and trittum are extracted
through the palladium/silver membrane by pumping annular
space within the vacuum tight shell (26) to high vacuum. The
permeate, thus enriched in hydrogen and tritium, 1s then
passed to the final stage (step 111)) of the process. The mixture
of gases which do not pass through the palladium/silver
(termed the retentate (23) and consisting of a mixture of
carbon dioxide and argon) 1s monitored and may be dis-
charged to waste.

In step 111) of the process, the elemental hydrogen stream
(22) 1s fed to the thermal diffusion column (30) for final
enrichment of trittum. The thermal diffusion column i1s shown
in FIG. 1, and 1s comprised of a hot-wire or cylindrical heat-
ing rod (34) located concentrically inside a tube surrounded
by a cooling jacket (33). Tritium product (36) 1s withdrawn
from the bottom of the column (30), and tritium depleted gas
(31) 1s rejected as effluent from the top of the column. Suit-
ably, the coolant liquid may be water which 1s passed through
the apparatus at a temperature of between about 5° C. and 60°
C. Alternative coolants may be used, for example liquid nitro-
gen. The coolant inlet (35) 1s suitably located at the bottom of
the thermal diffusion column, and the coolant outlet (32) 1s
suitably at the top of the column. The separation performance
of a thermal diffusion column improves as the ratio of
clevated temperatures to ambient or below ambient tempera-
tures 1s increased. In one embodiment, one thermal diffusion
column (30) 1s shown 1n FIG. 3. In another embodiment, more
that one column may be employed either connected 1n parallel
or 1n series, depending on the application.

By combiming the scalability of the water distillation col-
umn (10) with one or more small throughput thermal diffu-
s1ion columns (30), the overall process makes optimal use of
water distillation and thermal diffusion. Either process option
on 1ts own 1s either unattractive or impractical. Furthermore,
the combined water distillation and thermal diffusion system
1s much simpler to operate than a conventional cryogenic
distillation cascade. There are no complex startup, operation,
or shutdown sequences. The process may be employed 1n
continuous mode with no necessity for batch operations.

The present invention also provides a combined water dis-
tillation and thermal diflusion process for converting tritiated
water to elemental hydrogen and trittum. This process com-
prises: (1) distilling a sample of water containing a mixture of
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hydrogen 1sotopes under conditions to separate water con-
taining lighter hydrogen from water containing heavier
hydrogen from the mixture; (11) converting tritiated water to
clemental hydrogen by a process selected from electrolysis
and water gas shift reactor; and (111) separating hydrogen
1sotopes from step (11) by thermal diffusion.

The present invention also provides a system for convert-
ing tritiated water containing a mixture of hydrogen 1sotopes
into elemental hydrogen and tritium, the system comprising:
a) distillation means for distilling a sample of water contain-
ing said mixture of hydrogen isotopes; b) conversion means
for converting water enriched in heavy hydrogen under cata-
lytic conditions and 1n the presence of carbon monoxide nto
a mixture of hydrogen 1sotopes and oxides of carbon; and ¢)
separation means for separating hydrogen 1sotopes.

While aspects of the invention has been described 1n con-
nection with a preferred embodiment, it 1s not mtended to
limait the scope of the invention to the particular form set forth,
but on the contrary, 1t 1s intended to cover such alternatives,
modifications, and equivalents as may be included within the
spirit and scope of the invention as defined by the appended
claims.

What is claimed 1s:

1. A process for recovering trittum from a mixture contain-
ing heavy and light hydrogen 1sotopes 1n a water feed mate-
rial, which process comprises:

1) distilling a sample of water containing said mixture of
hydrogen 1sotopes under conditions to separate water
containing lighter hydrogen from water containing
heavier hydrogen from said mixture;

11) converting water enriched 1n heavier hydrogen from step
1) under catalytic conditions and in the presence of car-
bon monoxide mto a mixture of hydrogen 1sotopes and
oxides of carbon; and

111) separating hydrogen 1sotopes from step 1) by thermal
diffusion.

2. The process of claim 1, wherein said process 1s a con-

tinuous process.

3. The process of claim 1, wherein said distillation step 1)
COmMprises:

a) distilling said sample of water by means of a first distil-
lation column such that tritiated water 1s stripped sub-
stantially free from said mixture containing heavy and
light hydrogen 1sotopes 1n said water feed material; and

5

10

15

20

25

30

35

40

8

b) distilling said tritiated water from step a) by means of a
second distillation column such that said tritiated water
1s enriched.

4. The process of claim 3, wherein said enrichment step b)
provides between about a 100-fold and a 1000-fold enrich-
ment of tritiated water.

5. The process of claim 3, wherein said first and second
distillation columns are packed with a packing material
employed to improve interfacial liquid vapor contact.

6. The process of claim 5, wherein said packing material 1s
selected from the group consisting of glass beads, phosphor
bronze metal beads, perforated metal strips and stainless steel
mesh.

7. The process of claim 5, wherein said packing material
comprises Dixon rings.

8. The process of claim 3, wherein said first and second
distillation columns are fitted with one or more liquid dis-
tributors.

9. The process of claim 8, wherein said first and second
distillation columns are fitted with 1-6 liquid distributors.

10. A combined water distillation and thermal diffusion
process for converting tritiated water to elemental hydrogen
and trittum, comprising:

1) distilling a sample of water containing a mixture of
hydrogen isotopes under conditions to separate water
containing lighter hydrogen from water containing
heavier hydrogen from said mixture;

11) converting tritiated water to elemental hydrogen and
trittum by a process selected from the group consisting
of electrolysis and water gas shift reactor; and 111) sepa-
rating elemental hydrogen and tritium from step 11) by
thermal diffusion.

11. A system for converting tritiated water containing a
mixture ol hydrogen i1sotopes into elemental hydrogen and
tritium, comprising:

a) a water distillation column for distilling a sample of

water containing said mixture of hydrogen 1sotopes;

b) a conversion apparatus for converting water enriched 1n
heavy hydrogen under catalytic conditions and in the
presence of carbon monoxide into a mixture of hydrogen
1sotopes and oxides of carbon; and

¢) a thermal diffusion column for separating hydrogen
1sotopes.
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